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Abstract
Lower stratospheric climate response to global warming in the Northern Hemisphere
winter was investigated by a transient greenhouse warming integration with the
ECHAM4/OPYC3 coupled global climate model. The dynamics of the response was
studied through analyses of kinetic energy of various wavenumbers, vertical propagation
of planetary waves, and feedback between transient eddy activity and the zonal mean
circulation. It is indicated that the zonal mean circulation, especially at high latitudes and
subtropics, becomes stronger in the upper troposphere (300 hPa) than in the current
climate, mainly associated with a significant intensification of the meridional
temperature gradient. In the lower stratosphere (50 hPa), a cooling occurs with a stronger
polar night jet. The kinetic energy in the upper troposphere decreases for wave number 2
and increases for wave number 1. The stratospheric cooling is further enhanced because
of a reduction in the vertical wave energy propagation from the troposphere to the
stratosphere, which is the result of the zonal mean wind and kinetic energy changes, thus
acting as a positive feedback mechanism. In addition, transient eddy activity plays a
positive role in the zonal mean wind change in the upper troposphere at increased
greenhouse gas forcing. 
1. Introduction  
The annual global surface temperature has increased by about 0.6-0.7°C over the recent
100 years and a marked warming has taken place since the end of 1970s (Jones et al.,
1999; Hansen et al., 1999). Impact of human activities on the global climate and the
environment has become a widespread concern (WCRP, 1998). In the stratosphere,
model experiments have shown a marked cooling in addition to the tropospheric
warming at increased greenhouse gas forcing (Manabe and Wetherald, 1975). The
stratosphere climate response to greenhouse gases and the interaction between the
response and the stratospheric chemical reactions are attracting increased scientific
interest. For example, with a series of numerical experiments of the ECHAM4/OPYC3
model, Bengtsson et al. (1999) demonstrated that the reduction of the stratospheric ozone
does not only cool the lower stratosphere but also the troposphere, in particular the upper
and middle parts, thus counteracting the greenhouse effect. A number of studies have
also suggested that increased CO2 and other greenhouse gases could also affect Arctic
ozone. Austin et al. (1992) predicted the possibility of an Arctic ozone hole in a double
CO2 experiment based on 3-D model calculations. With sensitivity studies using a box
model for an idealized parcel, Danilin et al. (1998) indicated that the stratospheric
cooling could further deplete ozone via increased polar stratospheric cloud formation
and thus delay its expected recovery. The work of Shindell et al. (1998) argues for a key
role for such a feedback both in the 1990s and perhaps in the future years, with the peak
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Arctic ozone losses being predicted to occur near 2010. Thus, the tropospheric warming
and the stratospheric ozone hole and the chemical reaction seem physically connected. It
is interesting to probe the physical mechanism behind the connection. 
The role of the upper tropospheric and lower stratospheric atmosphere response to
greenhouse warming seems more complex and more important than expected. It is
therefore of interest to further elucidate these questions with a different climate model. In
this work we investigate the upper tropospheric and lower stratospheric climate response
to increased greenhouse gas forcing in the Northern Hemisphere (NH) winter on the
basis of a transient integration. In Section 2 the coupled model, the experiment, and the
data are briefly described. Sections 3 and 4 show the responses of the upper tropospheric
and lower stratospheric large-scale atmospheric circulation to the greenhouse warming
and their dynamical connection, respectively. Conclusions and discussions are given in
Section 5. 
2. Model, experiment and data 
The model used in this study is the ECHAM4/OPYC3 coupled model. The atmosphere
model (ECHAM4) is a spectral model with triangular truncation of total horizontal
wavenumber 42 (T42). The OGCM component (OPYC3) consists of three submodels;
the interior ocean, the surface mixed layer and the sea ice, respectively. The ECHAM4
and OPYC3 are coupled synchroneously with an exchange of information once a day.
Fluxes of momentum are unconstrained, while fluxes of heat and fresh water are flux
adjusted but only by annual averages. The detailed description of the ECHAM4 and
OPYC3 models can be found in Roeckner et al. (1996, and references therein) and
Oberhuber (1993), respectively. The detailed coupling strategy and technology of
ECHAM4 and OPYC3 are described by Bacher et al. (1998). The experiment of the
ECHAM4/OPYC3 is a 240 year (1860-2100) simulation of transient greenhouse
warming (GHG). In the GHG run, from 1860 to 1990, the annual concentrations of the
well mixed greenhouse gases (CO2, N2O, CH4, and CFCs) are prescribed as observed
and, from 1990 onwards, according to IPCC scenario IS92a (IPCC, 1992). Details can be
found in Roeckner et al. (1999). 
The ECHAM4/OPYC3 has been thoroughly evaluated in extensive control
integrations (Christoph et al., 1998; Bacher et al., 1998) and global warming run (Jin et
al., 2001; Hu et al., 2000a, 2000b, 2001; Latif et al., 2000; Roeckner et al., 1999;
Bengtsson, 1999). It has been demonstrated that the ECHAM4/OPYC3 reasonably well
simulates the present climate in the troposphere and its variability. Comparison with the
NCEP/NCAR reanalyses (Kalnay, et al., 1996) and the GHG run, it is demonstrated that
the ECHAM4/OPYC3 considerably well simulates the spatial distribution and temporal
evolution of the large-scale atmospheric circulation in the upper troposphere and lower
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stratosphere, including the annual cycle, climatological mean, and variance. Fig. 1 is an
example, which shows that the climatological mean of 50 years and standard deviations
of the winter (DJF) temperature at 50 hPa are well simulated by the ECHAM4/OPYC3,
although the standard deviations are somewhat underestimated in the model. Recently,
with another coupled model (ECHAM4/LSG), Perlwitz et al. (2000) demonstrated that
the vertical propagation of the stationary waves and the leading variability modes of the
coupled troposphere-stratosphere winter circulation in the high latitudes and polar region
are well simulated by the model. Therefore, with the GHG run it is reasonable to analyze
the upper tropospheric and lower stratospheric climate response to the increase of the
greenhouse gas concentrations and the dynamical connection between the responses. 
Seasonal mean of temperature and horizontal component of wind at 300 hPa and
50 hPa in DJF are used to represent the upper troposphere (tropopause) and lower
stratosphere, respectively. The analysis is confined to the NH and focused on the linear
trends 1990-2100 and the differences between the 50 year means of 1860-1910 and
2050-2100. The period 2050-2100 is defined as the transient GHG scenario period with
significant increase of GHG, and the period 1860-1910 as the reference period without
significant increase of GHG. The decadal (10 years) averages (1980-1990, 2030-2040,
2070-2080, and 2090-2100) of the localized Eliassen-Palm flux at 300 hPa and its
divergence in winter are used to identify the role of the transient eddy activity on the
variation of zonal mean circulation in the upper troposphere. 
3. Changes in the large-scale atmosphere circulation 
3.1 Temperature and wind at 300 hPa 
For the time-evolution of the temperature at 300 hPa (T300) averaged in the NH, there is
a clear warming trend from the 1990s onward (not shown). The warming trend follows
the increase of the greenhouse gas forcing. Fig. 2a shows the two-dimensional
distributions of the linear trends of T300 from 1990 to 2100, which are calculated based
on the linear regression. According to a t-test, the warming trends are significant
everywhere at the 99% level. The amplitudes of the trends are larger at lower latitudes
than at higher latitudes. The large warming occurs in the tropics with values greater than
0.6°C/decade. This kind of trend distribution leads to an increase in the meridional
temperature gradient, especially at the latitudes of 20°N-40°N (Fig. 3a). 
The variability of the averaged zonal wind at 300 hPa (U300) is stable until the year
of 2000, then a upward trends become pronounced (not shown). The positive significant
trends at the 99% level occur mainly in two latitude bands (Figs. 2b, 3b). One is at
50°N-65°N, and the other is at 15°N-30°N. The linear trends of U300 at 15°N-30°N are
mainly due to the increase of the meridional temperature gradient at these latitudes, as
shown in Figs. 2a and 3a, through the thermal wind relation, since the slope of the curve
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of the zonal mean T300 at 20°N-35°N is sharper in 2050-2100 than in the reference
period 1860-1910 (Fig. 3a). The linear trends of U300 at 50°N-65°N (Figs. 2b, 3b) are
mainly the result of a dynamical feedback of the atmosphere to the global warming as
shown in the next section. 
3.2 Temperature and wind at 50 hPa 
In contrast to the warming trend at 300 hPa, a cooling trend takes place at 50 hPa (T50)
and becomes evident after the 1970s (not shown). The amplitude of the cooling is 3.5°C
by the year of 2100. Fig. 4a shows the two-dimensional distributions of linear trends of
T50 over the NH in 1990-2100. The cooling trends are greater than 1.0°C/decade in the
regions north of 70°N. There are also cooling trends in the tropics. Warming trends are
pronounced at temperate latitudes with maximum values greater than 0.3°C/decade. The
cooling and the warming trends are significant at the 99% level. According to the zonal
means (Fig. 5a), the cooling exists mainly at high latitudes and in the tropics, while
warming is found at temperate latitudes. The mean amplitudes of the cooling in the
regions north of 70°N are about 10°C by 2100 (not shown). 
The increase of the zonal wind (U50) is also noticeable, particularly after the 1980s
with amplitudes in range of 5-6 m/s by the year of 2100 (not shown). A general increase
of U50 is clearly demonstrated in two-dimensional distributions of the linear trends of
U50 over the NH in 1990-2100 (Fig. 4b) and also in the zonal mean of U50 (Fig. 5b).
Most of the positive trends in Fig. 4b are significant at the level of 99% in the T-test. The
largest accelerations are greater than 1.4 m/s/decade (Fig. 4b). The pronounced positive
accelerations are mainly at 20ûN-70ûN (Fig. 5b), especially in regions from East Siberia
to the North Pacific (Fig. 4b), which cohere with the intensified temperature gradient
there shown in Fig. 4a. This distribution of U50 makes the polar circulation become
more symmetric relative to the North Pole. In addition, the negative trends of U50 in the
tropics are also significant (Fig. 4b). 
4. Dynamical connection 
This section is focused on kinetic energy change for different wave numbers in the
global warming scenario and impact of the global warming on vertical propagation of the
planetary waves. The role of transient eddies in affecting the zonal mean state is also
investigated through analyzing the localized Eliassen-Palm flux and its divergence in
different periods of the GHG run.
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4.1 Kinetic energy  
The kinetic energy is analyzed for 50-year winter mean U300 averaged over high
latitudes (55ûN-65ûN chosen as a representative) during 1860-1910 and 2050-2100. The
corresponding values for zonal mean U300 and wave numbers 1-5 and their differences
are listed in Table 1. It is shown that the kinetic energy of the winter mean circulation in
the upper troposphere is concentrated in the first 4 longest waves. The kinetic energy
increases by 11 % for the zonal mean U300 and 32 % for wave number 1 (Table 1). The
enhancement of the kinetic energy for the zonal mean U300 is coherent with the
intensification of the zonal mean U300 at 55ûN-65ûN in 2050-2100, and also with the
linear trends of U300 in Fig. 2b and the zonal mean of U300 in Fig. 3b. The most
significant change of the kinetic energy is the decrease for wave number 2 in 2050-2100
in comparison with that in 1860-1910. The decrease indicates that dipole-like polar
circulations become less frequent while symmetric circulations at high latitudes
relatively to the North Pole become more frequent in the global warming scenario. A
symmetric circulation at the upper troposphere is unfavorable for the vertical
propagation of planetary waves from the troposphere to the stratosphere and for the
occurrence of stratosphere sudden warming. 
4.2 Vertical propagation of the planetary waves 
The stratospheric circulation is influenced by the upward propagation of the forced
planetary waves in the troposphere. The forced planetary waves play a crucial role in the
dynamics of the stratospheric sudden warming, based on current theories, first proposed
by Matsuno (1971). The vertical propagation of the forced planetary waves occurs in a
certain condition which is associated with the U component of wind. The global
warming alters the general circulation at 300 hPa, thus it is expected that the vertical
wave numbers  2050-2100 1860-1910 <2050-2100> - <1860-1910>
  zonal mean   293.2   263.1   30.1  (11%)* 
  1   17.7   13.4   4.3  (32%)* 
  2   7.8   12.4   -4.6  (-37%)** 
  3   8.8   8.1   0.7  (8%) 
  4   2.4   2.3   0.1  (5%) 
  5   0.4   0.5   -0.1  (-24%) 
Table 1:  Kinetic energy of U300 for the zonal mean and wave numbers 1- 5 averaged over the latitudes
of 55ûN-65ûN during 1860-1910 and 2050-2100 and their differences in winter. The differences with  *
and ** are significant at the level of 90% and 99 % using the t-test, respectively. The unit is m2/s2. Val-
ues in the brackets are the relative differences in %.
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propagation of the forced planetary waves will be affected. The impact of global
warming on the upward propagation of the forced planetary waves in the upper
troposphere is qualitatively investigated according to the theory of Charney and Drazin
(1961). 
Let the motion be referred to a ß- plane centered at 60ûN, scale height H= 7 km,
infinite meridional scale (l=0), and for a typical stratospheric static stability and
buoyancy frequency N=2.0*10-2s-1, the Rossby critical velocities Uc = ß/ ((k
2+l2)+f0
2/
(4N2H2)) for zonal wave numbers of 1, 2, and 3 are calculated and shown in Fig. 6. The
vertical propagation of planetary waves can occur only in the presence of westerly winds
weaker than a critical value that depends on the horizontal scale of the waves, i. e., in the
region of 0<  <Uc (Charney and Drazin, 1961; Holton, 1992). Fig. 6 indicates the
impact of the increased greenhouse gas concentrations on the vertical propagation of the
planetary waves. With the enhancement of the zonal mean U300 at 55°N-65°N in 2050-
2100, the window for the propagation of the planetary waves becomes smaller in 2050-
2100 than in 1860-1910. The upward propagation of planetary waves from the
troposphere to the stratosphere is restrained under increased greenhouse forcing. This is
consistent with the circulation change analyzed in Section 3.1 and the kinetic energy
change studied in the previous subsection. 
In the global warming scenario, the polar circulation in the upper troposphere
becomes stronger (Figs. 2, 3), and the gradient of the temperature at 50 hPa between
50ûN and 85ûN increases obviously (Figs. 4, 5), which seems associated with less
frequent stratospheric sudden warming (Labitzke, 1984). This agrees with the result of
the restrained vertical propagation of the planetary waves from the troposphere to the
stratosphere in 2050-2100. As a consequence of less vertical propagation of planetary
waves, further cooling occurs in the Arctic, leading to a strengthening of the polar
circulation at the stratosphere. This is a positive feedback, which is coherent with the
analyses in Section 3 and Shindell et al. (1998). The mechanism suggested by Shindell et
al. (1998) is that cooling in the stratosphere caused by increased greenhouse gas forcing
is associated with a more pronounced polar vortex in the lower stratosphere and upper
troposphere, which reduces the vertical wave propagation through the tropopause and
hence leads to a further acceleration of the chemical destruction of ozone at high
latitudes due to increased cooling of the Arctic stratosphere.
4.3 Localized Eliassen-Palm flux 
Transient eddy activity is basically determined by the stationary state, but there is also a
feedback of the transient eddy activity on the stationary state (Lau and Holopainen,
1984). Through this feedback, the transient eddy activity can alter the stationary state.
The localized Eliassen-Palm flux and its divergence are a good measure of the feedback
(Trenberth, 1986). In this subsection we focus on the zonal component of wind and use
u
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the localized Eliassen-Palm flux and its divergence as diagnostics of the eddy forcing of
the zonal flow at 300 hPa. With a 2-6 day bandpass filter (Press et al., 1989), winter
means of the zonal component of two-dimensional (latitudinal and longitudinal)
localized Eliassen-Palm flux   and its divergence ( ) at
300 hPa are calculated according to the definition given by Trenberth (1986), where 
and  are the transient components of daily data with the 2-6 day bandpass filter, and
, , and  represent the winter means. 
Changes of the localized Eliassen-Palm flux and its divergence for various periods in
the GHG run are confined in the regions associated with the storm tracks in the NH (not
shown). From the zonal mean of the localized Eliassen-Palm flux divergence in Fig. 7, a
noticeable poleward shift of the maximum value is found from 1980-1990, a period
without significant warming, to three later periods with significant warming. The
maximum divergence zone moves from 35ûN-40ûN in 1980-1990 to 55ûN-60ûN in the
other periods (Fig. 7). The convergence of the localized Eliassen-Palm flux at 25ûN-30ûN
is also noticeable. However, both the position and intensity changes are less pronounced
in the later decades. The impact of the global warming on the localized Eliassen-Palm
flux convergence and on the westerly deceleration of the zonal mean flow at 25ûN-30ûN
is less significant (Figs. 6, 7). 
The northward shift of the maximum divergence zone indicates that the transient eddy
activity speeds up the westerlies at 50ûN-60ûN. This is confirmed by the time-evolution
of zonal mean U300 anomalies (Fig. 8). Two positive and one negative anomaly belts are
dominant in the significant warming periods, which agrees with Figs. 2b and 3b. One
positive belt is at 50ûN-65ûN with maxima of 1.5 m/s (Fig. 8) since the year of 2040,
which is related to the transient activity forcing (Fig. 7). The enhanced U300 in 50ûN-
60ûN retards upwelling planetary wave activity from the troposphere to the stratosphere.
The other positive belt is at 10ûN-30ûN with maxima of 2.1 m/s (Fig. 8). As the
convergences of the localized Eliassen-Palm fluxes at 10ûN-35ûN (Fig. 7) reduce the
west wind component it follows that the positive anomalies of U300 at 10ûN-30ûN (Fig.
8) must be caused by the temperature gradient changes as shown in Figs. 2a and 3a. This
analysis demonstrates that the transient eddy activity plays an active role in the zonal
wind change in the upper troposphere. 
5. Conclusions and discussions 
The upper tropospheric and lower stratospheric climate responses to the global warming
in the Northern Hemisphere winter were investigated in a transient greenhouse warming
integration with the ECHAM4/OPYC3 model. The dynamical aspect was studied
through analyses of the impact of the global warming on kinetic energy of various wave
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numbers, vertical propagation of the planetary waves, and the feedback of transient eddy
activity on the mean zonal circulation.
The increased greenhouse gas concentrations lead to a general warming of the
troposphere, most pronounced in its upper part. The zonal mean circulation at 300hPa is
increasing somewhat at high latitudes and in the subtropics as a consequence of the
enhanced meridional temperature gradient and non-linear eddy transfer. At 50 hPa a
general cooling takes place, in particular at high latitudes. The band of higher
temperatures at mid latitudes is presumably caused by changes in the meridional
circulation. The zonal wind at 50 hPa is successively strengthening, generating a major
increase of the zonal circulation towards the end of the 21st century.
Typical changes also occur in the kinetic energy spectrum. In the upper troposphere,
there is a marked increase in the zonal mean component and in wave number 1 and a
pronounced decrease in wave number 2. The energy change of shorter wave components
are minor and not significant. The change in the wave spectrum towards longer waves
restricts the vertical energy propagation from the troposphere into the stratosphere. This
is in agreement with the investigation by Perlwitz et al. (2000) and shows that the
transient eddy activity plays a active role in the zonal wind changes. As a result,
additional cooling occurs in the Arctic and the zonal mean circulation and the polar night
jet are further enhanced. This positive feedback is consistent with the mechanism put
forward by Shindell et al. (1998). However, it should be stressed that the interaction with
stratospheric chemistry and ozone is not considered here, a process which could enhance
the change in the circulation even further.
As the vertical component of the E-P flux and daily data are unavailable, the impact of
global warming on the vertical propagation of the planetary waves can only be shown
qualitatively by calculating the changes of the kinetic energy and the Rossby critical
velocity. The impact of global warming on the frequency of stratospheric sudden
warming events is another aspect to be investigated. The influence of the coarse vertical
resolution in the stratosphere with an upper boundary at 10 hPa is a limiting factor as is
the lack of interaction with atmospheric chemistry. We intend to consider these aspects in
future investigations.
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Figure 1: (a1): DJF mean of the temperature at 50 hPa averaged for 50 years (1948-1997) of
the GHG run of the ECHAM4/OPYC3 model and (a2): the corresponding standard deviations
poleward of 20°N. (b1) and (b2) are same as (a1) and (a2), but for the NCEP/NCAR reanalyses
of 1948-1997. The contour intervals are 4°C in (a1) and (b1), and 0.5°C in (a2) and (b2).
Heavy (light) shaded regions indicate the values larger (less) than -56°C (-64°C) in (a1) and
(b1), and larger than 1.5°C in (a2) and 2.0°C in (b2).
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Figure 2: Linear trends of the temperature (a) and U component (b) at 300 hPa in the NH winter dur-
ing the period from the year 1990 to the year 2100. The contour intervals are 0.1°C/decade in (a) and
0.15 m/s/decade in (b). Solid (dashed) lines represent positive (negative) values. Heavy (light) shaded
regions indicate the positive (negative) trends significant at the level of 95% using the T-test.
Figure 3: Latitude-variation of zonal mean of the temperature (a) and U component (b) at 300
hPa in the NH averaged for the period of 1860-1910 (solid lines) and 2050-2100 (dashed lines) in
winter. The units are °C in (a) and m/s in (b).
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Figure 4: Same as Figure 2 but for the temperature (a) and U component (b) at 50 hPa. The contour
intervals are 0.15°C/decade in (a) and 0.2 m/s/decade in (b).
Figure 5: Same as Figure 3 but for the temperature (a) and U component (b) at 50 hPa.
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Figure 6: The dotted lines represent the Rossby critical velocity (Uc) for meridional wave number
l=0 and zonal wave number k=1, 2, 3, respectively. The solid lines and dashed lines are repeated
from Figure 3b, which are the zonal mean of the U component of wind at 300 hPa in the NH winter
averaged for the periods of 1860-1910 and 2050-2100, respectively. The unit is m/s 
Figure 7: Zonal mean localized Eliassen-Palm flux divergence at 300 hPa in winter for the decadal
averages in the periods of 1980-1990 (solid line), 2030-2040 (line with x), 2070-2080 (line with o),
and 2090-2100 (line with +). The unit is m/s/day.
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Figure 8: Time-evolution of zonal mean of the zonal component of wind anomalies at 300 hPa in winter.
The anomalies are calculated relative to the mean of 1860-1980. The contour interval is 0.7 m/s. Solid
(dashed) lines represent positive (negative) values. Heavy (light) shaded regions indicate the values
larger (less) than 0.7 (-0.7) m/s 
